We compared the oxygen cost of breathing between pressure-support ventilation (PSV) and airway pressure release ventilation (APRV). This prospective, randomized, crossover study was conducted in a mixed ICU of a university hospital. Twenty clinically stable and spontaneously breathing patients after long-term mechanical ventilation were included. The patients were randomized to start on either PSV or APRV mode and measurements were obtained after an adaptation period of 30 minutes with a P a CO 2 between 35-45 mmHg and P a O 2 above 60 mmHg. Patients were then switched to the other mode and the same measurements were repeated. Indirect calorimetry was performed during each ventilatory mode for a period of 30 minutes. Oxygen consumption, energy expenditure, CO 2 production, and respiratory quotient were measured. The parameters did not differ significantly between the two ventilatory modes, regardless of the patient's randomization. There were no statistically significant differences with regard to respiratory rate, minute volume, and blood gas analysis. All patients tolerated both ventilatory modes without signs of discomfort. PSV and APRV produced similar results in terms of oxygen cost of breathing and other metabolic variables.
In recent years, developments in mechanical ventilation have resulted in a plethora of ventilatory modes and techniques, all aimed at supporting spontaneous breathing by using assisted positive pressure ventilation (aPPV). Maintaining spontaneous breathing has a number of beneficial roles during long-term mechanical ventilation. It may increase ventilation to poorly or non-ventilated areas of lung and so reduce the ventilation-perfusion mismatch. In addition, the periodic reduction of intrathoracic pressure resulting from maintained spontaneous breathing during mechanical ventilatory support promotes venous return to the heart and right-left ventricular fill-ing, thereby increasing cardiac output and oxygen transport capacity.
Airway pressure release ventilation is used increasingly to provide stable ventilatory assistance of a desired degree during ventilatory failure 1, 2 . The aim in supporting spontaneous breathing mechanically is to reduce the work of breathing (WOB). Shikora et al 3 found that the oxygen cost of breathing proved to be a reliable predictor of both successful extubation and failure in patients receiving long-term mechanical ventilation.
Pressure-support ventilation (PSV) is an established mode of assisted spontaneous breathing. During PSV, the patient has to trigger ventilatory support by performing an inspiratory effort, while the work to overcome the resistive and elastic forces during inspiration is minimized by the level of pressure support 4, 5 .
Airway pressure release ventilation (APRV) permits spontaneous breathing at any time during the mechanical respiratory cycle, and therefore allows administration of any level of ventilatory support 6 . APRV produces tidal ventilation using a method that differs from any other mode. It uses a release of airway pressure from an elevated baseline to simulate expiration. The elevated baseline facilitates oxygena-tion, and the timed release aids carbon dioxide removal 7 .
The oxygen cost of breathing is a reliable predictor of weaning and extubation in patients recovering from respiratory failure 8 . As the oxygen cost of breathing was correlated with the total weaning time, this variable may be a useful index of the effect of many influences on the weaning process 9 .
During aPPV, the patient and the ventilator share the WOB. In contrast to passive ventilation and nonassisted spontaneous breathing, the airway pressure and the pressure generated by the patient's respiratory muscles must be taken into account during aPPV. These two pressures enter into a complex interaction with one another due to the mechanical properties of the respiratory system; thus they can no longer be described simply as a function of the ventilator or of the patient.
We hypothesized that PSV reduces WOB compared to APRV. In a randomized, controlled and crossover study, we investigated this assumption by measuring oxygen consumption using indirect calorimetry as an indirect measure of WOB.
MATERIALS AND METHODS
After approval by the Institutional Ethics Committee, informed consent to participate in the study was obtained from the patient or nearest relative. After long-term mechanical ventilation, twenty clinically stable and spontaneously breathing patients intubated with cuffed tubes were included. Long-term mechanical ventilation was defined as sedation and controlled mechanical ventilation for longer than 96 hours. The patient diagnoses leading to controlled mechanical ventilation were postanoxic coma (n=7), multiple trauma (n=3), postoperative ventilatory failure (n=4) and intoxication (n=6). Before inclusion, all patients had been ventilated using a timecycled pressure controlled mode with decelerating flow patterns and pressure support level in either mode was adjusted according to P a CO 2 . FiO 2 was <0.5 in all patients. They were afebrile, without catecholamine support and none had chronic obstructive pulmonary disease. Because we did not allow any diagnostic or therapeutic interventions during the study period, unstable patients were excluded from the study.
After inclusion, patients were randomized to start on either PSV or APRV mode according to a randomization list. In PSV group, measurements were first performed during PSV; in APRV group, measurements were first performed during APRV. With each ventilatory mode, measurements were obtained over a 30 minute period after a 30 minute adaptation period with a P a CO 2 between 35 and 45 mmHg and P a O 2 above 60 mmHg.
Indirect calorimetry was performed during each ventilatory mode for a period of 30 minutes using a Deltatrac II metabolic monitor (Datex, Helsinki, Finland). The metabolic monitor was calibrated with a gas mixture of 5% CO 2 in 95% O 2 (calibration gas, Datex) before each patient's study entry. The following parameters were recorded during each ventilatory mode: oxygen consumption (VO 2 ), energy expenditure (EE), CO 2 production (VCO 2 ), and respiratory quotient (RQ). Measurements were performed continuously during the 30 minute time period and then averaged. Any artefact shown by the metabolic monitor, especially a decrease in VCO 2 of >50% from a 5 minute average value, was regarded as a break-off criterion.
In addition to the parameters derived from indirect calorimetry, heart rate, blood pressure, oxygen saturation, respiratory rate, minute volume and mean airway pressure were recorded. Blood gas analysis was performed both in adaptation and measurement periods.
In all patients Horus ventilators (Taema, Antony Cedex, France) were used. In these ventilators, during APRV it is possible to assist spontaneous ventilation with inspiratory pressure support. The rationale for adding a small amount of inspiratory pressure support to APRV breaths is to reduce the imposed load on inspiratory muscles due to the resistive properties of the endotracheal tube 11 . When we switched from one mode to another, we set the pressure support level that would maintain the same mean airway pressure. In PSV group, PEEP was set to 5 cmH 2 O. In APRV group, high PEEP was set to 10 cmH 2 O and delta PEEP was -5. Low PEEP was applied in 1 of 4 cycles. This indicates an inspiratory to expiratory time relation of 4:1 (Thi:Tlow=4:1). The trigger levels were the same for all patients (inspiratory pressure trigger set at -2 cmH 2 O and expiratory flow trigger set at 5 l/min).
Propofol was infused in all patients during the study period in order to maintain a Ramsay sedation scale of 2-3. The study was discontinued according to the following criteria: an increase in blood pressure or heart rate of >30%, insufficient ventilation marked by an increase of P a CO 2 >45 mmHg or SaO 2 <90% or an increase in respiratory rate of >35 breaths/min, and certain artefacts indicated by the metabolic monitor.
Statistical Analysis
Data are presented as mean±SD. Sample size was calculated hypothesizing an expected decrease of 10% in oxygen consumption during PSV with an alpha error of 0.05 and a power value of 0.90. For statistical analysis, a two-tailed paired t-test was used to compare data obtained during the different ventilator modes (SPSS software, version 6.1, Chicago, Ill, U.S.A.). Probability values (P) less than 0.05 were considered to be significant.
RESULTS
Twenty patients (7 men and 13 women) who had a mean age of 57±7 years and a mean duration of controlled mechanical ventilation 9.4±4.3 days were included in the study. The study did not have to be terminated prematurely in any patient. Mean APACHE II scores were 14.8±5.2.
The P a O 2 and P a CO 2 levels remained within the target range in each mode throughout the study. The FiO 2 was adjusted according to the patients' needs and was below 0.5 throughout the study period. Respiratory rates, minute volumes and mean airway pressures were comparable between the two groups ( Table 1 ). In the PSV group, the range of pressure support level was 14 to 19 cmH 2 O. When the mode was switched to APRV, pressure support level ranged between 7 and 12 cmH 2 O. In APRV group, pressure support level ranged between 8 and 13 cmH 2 O initially, then it was increased to 14 to 20 cmH 2 O after switching to PSV.
None of the metabolic parameters (VO 2 , VCO 2 , EE) derived from indirect calorimetry differed significantly between the two ventilatory modes, regardless of the patients' randomization ( Table 2 ). All patients tolerated both ventilatory modes without signs of discomfort.
DISCUSSION
In contrast to our hypothesis, we found that PSV and APRV produced similar results in terms of oxy-gen cost of breathing and other metabolic variables. Oxygen cost of breathing is an indirect measure of work of breathing and is useful in predicting whether patients will tolerate a decrease in level of ventilatory support 10 . Several studies have examined the value of oxygen consumption (VO 2 ) as a predictor of successful extubation. In a retrospective evaluation, Lewis et al 8 reported that a delta VO 2 <15% (defined as the difference in VO 2 between total mechanical ventilation and spontaneous breathing) correlated well with the patients' ability to tolerate removal of ventilatory support. In prospective studies, the same percent of VO 2 was found to have a sensitivity of around 100% and a specificity over 80% for successful extubation 3, 10 .
Indirect calorimetry is a relatively simple, minimally invasive and reliable method of measuring VO 2 . It has been shown that a significant difference between different modes of ventilation can be assessed by measuring total body VO 2 5, 8, 12 . In our study, the difference in work of breathing between the two modes of ventilatory support was estimated indirectly since all patients were breathing spontaneously. We assumed that when changing nothing but the ventilatory mode during a defined time period (2 hours) in a stable patient, a change in VO 2 would reflect the change in the ventilator setting. During this period of time, it can be assumed that a patient's metabolic status, and thus extrarespiratory VO 2 , remains stable 13 . Annat and Viale 13 stated that the accuracy of estimation of VO 2 during ventilation is improved by averaging several values measured for 10 to 30 minutes. Therefore, our study period was set to last as long as necessary to achieve reliable average VO 2 values, and to be short enough to guarantee a stable situation for patients without being interrupted by other therapeutic measures.
After long-term mechanical ventilation, partial ventilatory support is commonly used, not only to separate patients from mechanical ventilation, but to provide stable ventilatory assistance of a desired degree during ventilatory insufficiency 2, 14 . In this study, we used PSV and APRV that were similar in their pressure-limited delivery of tidal volume, but differed in their interfacing with spontaneous ventilation. Spontaneous breathing in any phase of the mechanical ventilator cycle is possible with APRV that provides a constant degree of ventilatory support by time-cycled switching between two different PEEP levels 15 . In contrast, PSV provides a breath-to-breath synchronized insufflation of the lungs. Consequently, the degree of ventilatory support remains constant as the patient's ventilatory demand alters respiratory rate 14 . A previous study compared biphasic positive airway pressure (BIPAP) and PSV in terms of work of breathing. While BIPAP is not restricted to a special adjustment of the I:E ratio, APRV is realized with an inverse ratio setting between a longer high CPAP level and a short low CPAP level 16 . In ventilators used in our study (Horus, Taema) each breathing effort can be supported by an inspiratory pressure both in high and low CPAP levels in APRV. This type of ventilatory support is different from the genuine APRV. Previous papers dealing with comparison of oxygen cost of breathing between the two modes clearly used genuine APRV and PSV 17, 18, 19 . Therefore our study adds new information to the present knowledge.
After long-term ventilatory support, it is usually necessary to sedate the patients during early phases of the weaning period in order to prevent patientventilator asynchrony. Sedation in our patients was titrated to not suppress spontaneous breathing and none of the patients showed signs of subjective discomfort. The comparable total VO 2 indicates appropriate sedation levels in both modes of ventilation.
Several studies dealing with the work of breathing have been performed with different modes of ventilatory support 4, 5, 17 . In these studies, it has been shown that the difference between different modes of ventilation can be assessed by measuring total body VO 2 5, 8, 10, 17 . Staudinger et al 17 found no difference between PSV and BIPAP in terms of VO 2 , energy expenditure and VCO 2 in patients after long-term mechanical ventilation. Our results are similar to that study. In contrast, Calzia et al 18 observed a higher work of breathing during BIPAP compared with PSV and BIPAP. Higher oxygen consumption may be anticipated during APRV. Firstly, increasing functional residual capacity (especially on the upper PEEP level) with consequently increased length of inspiratory muscle fibres requires greater muscle activation to sustain the same level of force 17 . Secondly, increasing PEEP levels in patients breathing on CPAP leads to a progressive increase in expiratory work 20 . In contrast to our hypothesis estimating a difference of 10% regarding VO 2 between the two modes, we did not find a significant difference in oxygen consumption during APRV compared with PSV despite a study power of 0.9. One possible reason for the similarity regarding VO 2 between the two study modes might be due to the unique APRV used in Horus ventilators, where each breathing effort was supported by an inspiratory pressure in both high and low PEEP. Thus this support which is different from other forms of APRV might be advantageous in terms of oxygen consumption. Secondly, total respiratory rate during APRV includes both patient triggered breaths and the breaths due to passive inflation and deflation of the lungs with the change of PEEP level. Therefore, a lower rate of spontaneous breathing occurred during APRV which might be another explanation for the similarity of VO 2 between the two modes.
In conclusion, pressure support ventilation and airway pressure release ventilation produced similar results in terms of oxygen cost of breathing and other metabolic variables. No significant differences were observed between the two ventilatory modes with respect to patient comfort. Thus, pressure support ventilation and airway pressure release ventilation are comparable in providing stable ventilatory assistance in patients recovering from-long term ventilation for ventilatory failure. In the absence of large scale comparative studies, the clinician is left to decide when and how to employ these ventilation modes to support a patient's inadequate attempts at spontaneous breathing.
